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denominator approaches zero. Since all the other terms 
of the criterion remain finite, the diverging second deriv- 
ative d2[/dq2 indicates that the Scott HEDCP cannot ever 
be a triple CP. 
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ABSTRACT: A method is proposed to calculate the polymer-polymer interaction parameter (x) from 
measurements performed on ternary systems composed of the polymer pair plus a solvent or probe. The usual 
methods of extracting x from such measurements do not provide a true polymer-polymer interaction parameter 
because of the approximation of writing the residual chemical potential of the solvent in the ternary system 
as a sum of binaries. The equation-of-state theory gives a truly ternary chemical potential and can thus avoid 
such an approximation. The expressions needed to calculate the true polymer-polymer x from such ternary 
theory are given. They are applied to  obtain x of the system PS + PVME from literature data determined 
by vapor sorption (VP) and inverse gas chromatography (IGC), with different solvents and probes. The results 
show that the method here proposed (a) gives x from VP independent of the solvent used; (b) explains why 
the x determined by IGC is probe dependent and predicts a correlation which allows for a probe-independent 
value of x to be extracted, (c) shows that this probe-independent x value from IGC is practically the same 
obtained from VP (by extrapolation to vanishing solvent concentration). 

Introduction 
In the last years, an important part of the applied 

polymer research has been aimed at  preparing polymer 
blends to get new materials having improved properties 
and/or lower cost. The increasing interest in this field has 
led to the discovery of an ever-expanding number of com- 
patible polymers. Miscibility in a polymer blend is con- 
trolled, as in any other mixture, by thermodynamic factors. 
Due to the extremely low values of the combinatorial en- 
tropy, a great many polymer pairs are incompatible, since 
a slightly positive mixing enthalpy is enough to prevent 
miscibility. Because of this, the majority of compatible 
polymer pairs are due to specific interactions such as hy- 
drogen b~nds .~B 

In the classical theory of Flory and Huggins: the poly- 
mer-polymer interaction parameter xij  is used to describe 
the interaction between the two components of the blend. 
In general, the convention followed with regard to the 
values of this parameter is that high values are indicative 
of unfavorable interactions between the two components 
of the polymer blend, low values are indicative of slightly 

favorable interactions, and negative values appear when 
there are strong specific interactions between the two 
 polymer^.^ 

The polymer-polymer interaction parameter xij  can be 
determined by several technique~.~7~1~ Among the most 
oftenly used ones are: inverse gas chromatography (IGC), 
vapor sorption (VP), osmometry, viscometry, and light 
scattering, mel t ing point depression, small-angle X-ray 
scattering, and small-angle neutron scattering. 

The techniques aforementioned can be divided in two 
groups, depending on the way xij  is obtained: 

(1) Techniques that obtain xi j  from measurements 
performed on the binary polymer-polymer system. Such 
are the melting point depression, whose usefulness is lim- 
ited to the case in which one of the polymelg in the mixture 
is crystalline and it gives x j j  at  a single temperature, the 
small-angle X-ray scattering and small-angle neutron 
scattering, whose usefulness is limited by the availability 
of the equipment and requires the deuteration of samples. 

(2) Techniques more oftenly used, in which xij  is ob- 
tained from measurements performed on a ternary poly- 
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mer-polymer-solvent system. They correspond to the 
others mentioned. From them, osmometry, viscometry, 
and light scattering give xij in a range of low concentration 
of the polymer blend in the solvent used; IGC on the 
contrary gives xij at  concentrations of the polymer blend 
close to one, and the technique of vapor sorption gives xi, 
in a broad range of intermediate concentrations. 

In general, the values of xij obtained for the same 
polymer blend by different techniques are not coincident? 
Besides, the values of the polymer-polymer interaction 
parameter obtained from measurements performed in 
ternary systems depend significantly on the solvent 
u ~ e d . ~ * ~ * *  The discrepancies in the values of xij are at- 
tributed to several factors, among them the pecularities 
of the techniques and differences inherent to the polymer 
samples studied, such as polydispersity, molecular weight, 
tacticity, crystallinity, etc. 

In the present work we show that the way in which xij 
is obtained in the case of ternary systems is only an ap- 
proximation, which can lead to erroneous values of the 
polymer-polymer interaction parameter. The weakness 
of the approximation is to assume that the Gibbs mixing 
function for the ternary polymer-polymer-solvent system 
is additive with respect to the binary contributions. We 
propose here a method to avoid such approximation and 
show that then the values determined for the polymer- 
polymer interaction parameter result independent of the 
solvent used. 

Theory 
Definition of x i .  For a binary system polymer 2 + 

polymer 3, the GibLs mixing function written according 
to the Flory-Huggins model is the sum of a combinatorial 
term plus an interaction termgJO 

AGM/RT = n2 In 42 + n3 In 43 + n243g23 (1) 

where ni and +i are amount of substance and segment 
fraction of polymer i, respectively, and g, is the interaction 
parameter describing the noncombinatorial part of AGM. 
In eq 1, g23 is defined on the basis of segment fractions 
taking as reference volume the characteristic or reduction 
molar volume of component 2, V2*. If as reference volume 
the reduction molar volume of component 3, V3*, is taken, 
then AGM reads: 

AGM/RT = n2 In 42 + n3 In $ J ~  + n3&?32 (2) 

By derivating eq 1 or 2 with respect to n2, we obtain the 
chemical potential of component 2, Ap2/RT, which is 
composed of a combinatorial term plus an interactional 
term usually called residual chemical potential, A P ~ ~ / R T .  
The interaction parameter ~ 2 3  is then defined as the re- 
duced residual chemical potential of component 2, 
Ap2R/RT~32. It results as'l 
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Approximations. Determination of ~ 2 3  according to 
the preceding equations by direct measurements on the 
dry polymer blend is not always feasible, and x, is usually 
obtained from measurements of solvent activity in ternary 
mixtures polymer 2 + polymer 3 + solvent 1. The fol- 
lowing relationship is then applied12 

(5 )  

where 5, = + 4 1 ~ ) ~  i = 2,3 ,  q51 being segment fraction 
in the ternary system. xlp is the interaction parameter 
determined in the ternary system; namely, xlp = AplR/ 
RT$,2, with +p = d2 + 43. x231 = X ~ ~ V ~ * / V ~ * .  

Calculation of ~ 2 3  by means of eq 5 embodies two ap- 
proximations. In the first approximation, the dependence 
of xlj on polymer concentration is neglected. This ap- 
proximation can be avoided if the additivity is written in 
terms of the g, interaction parameters instead of in terms 
of the xIj's. The correct relationship replacing eq 5 is then 

glp = 5 g 1 2  + 5&13 - 525&23/ (6) 

In the case where the variation of g, with concentration 
were negligible, then eq 5 would be valid. 

Because xlj tends to the value of g, when the polymer 
concentration approaches unity, the refationship eq 5 could 
be valid in the limit 41 - 0, which is practical in the 
experiments of IGC. 

The second approximation consists of assuming that the 
interactional part of the Gibbs function for the ternary 
system is additive in the binary contributions. In the 
language of the Flory-Huggins model, it means that there 
is no ternary term depending simultaneously on &, 42, and 
$ J ~ .  The analysis of the thermodynamic properties of 
ternary systems polymer + two solvents in terms of 
equation-of-state theory has shown that the supposed 
additivity of binary interaction parameter terms is not 
good.13J4 Therefore, gl cannot be taken as sum of binaries. 

Ternary Theory. h e  Gibbs mixing function according 
to the more recent equation-of-state theories is composed 
of three contributions: combinatorial entropy, interac- 
tional exchange energy, and free volume. In the equa- 
tion-of-state theory the noncombinatorial part of AGM is 
not a sum of binary contributions. All terms depend si- 
multaneously on the properties of the ternary system be- 
cause the variable on which AG, depends is the reduced 
temperature of the ternary 1 + 2 + 3 system (which is 
different from the reduced temperature of any of the bi- 
nary systems). 

Derivating the expression for the noncombinatorial part 
of AGM for a ternary polymer 2 + polymer 3 + solvent 1 
system, written according to Flory's equation-of-state 
theory, we get the residual chemical potential of the solvent 
ad5  

xlp = 52x12 + 53x13 - 5253x23/ 

(3) 

The derivation of eq 1 or 2 with respect to n3 gives rise 
to the definition of a different interaction parameter, ~ 2 3 ,  
as reduced residual chemical potential of component 3, 

I t  results asll 

x 2 3  = g23 + 43[ G] d g 2 3  
(4) 

Other interaction parameters can be defined, ~ 2 3 "  and 
xZ3", analogous to ~ 2 3  and ~ 2 3 ,  using eq 1 and 2 in terms 
of volume fractions instead of segment fractions. 

where pi*, Vi*, Ti*, are the characteristic or reduction 
parameters of the pure components for pressure, molar 
volume, and temperature, Eespectively, and the tilde de- 
notes reduced quantities. V is the reduced volume of the 
ternary system. X i j  is the exchange interaction energy 
density (also called interaction parameter in the theory). 
el and c$~ are molecular surface fractions and segment 
fractions, respectively. si is molecular surface to volume 
ratio (or number of contact sites per segment). 
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It can be seen in eq 7 that the interaction parameter xlp 
contains a balance of exchange interaction energy terms, 
which apparently is additive in the binary contributions 
(the square bracket enclosing Xiis). However, this square 
bracket is multiplied by a ternary quantity (V), whit) 
destroys additivity. Each term is really of the form X,/ V, 
thus ternary because of its dependence on the third com- 
ponent besides i and j .  xlp contains also another contri- 
bution (the first square bracket in eq 7 ) ,  which reflects 
primarily free volume. This is also ternary (depends on 

and has no counterpart in the Flory-Huggins model (eq 
5) .  

In order to write the xlp parameter in terms of the 
corresponding binary parameters xi,, so as to obtain an 
expression equivalent to the Flory-duggins eq 5,  we sub- 
stitute the Xii terms in eq 7 by their corresponding x<s 
written according to equation-of-state theory for the binary 
i-j system, which isi6 
Xii = 
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by surface fractions instead of segment fractions. Second, 
there is the-free volume contribution represented by the 
I' (also the Vij/ V factors). Surface fractions have been used 
before to obtain an expression for x2317 but using the 
Flory-Huggins theory (thus additive) and in the limit of 
vanishing solvent (4p - 1) only. 

Simplified Cases. In each polymer-polymer-solvent 
system, the discrepancy between the ~ 2 3  calculated ac- 
cording to our eq 9 and the ~ 2 3  calculated according to eq 
5 would be different. However, in order to get a feeling 
on the possible importance of these discrepancies, we 
consider now two cases: (a) an extreme simplification of 
eq 9; (b) the limit of eq 9 for vanishing solvent concen- 
tration (4p - 1). 

Let us call ~ 2 3 ~  the value of ~ 2 3  that is obtained from 
x23/ calculated by means of the ternary theory eq 9, and 
~ 2 3 ~  the value of ~ 2 3  that is obtained from the additivity 
approximation eq 5. 

Case a. We simplify eq El as much as possible by in- 
troducing the following simplifications: 

(1) The reduced volumes of the two pglymezs and-of 
their blends are approximately equal: V2 = V3 = V2* 

(2) The reduced volumes of the-mixtujes coptaining 
solvent are approximately equal: Vi, = Vi3 = Vlp. 

(3) s2 = s3. 
For a number of polymer pairs v2 = v3 and also v2 = 

pa (unless X23 is large). Therefore, simplification (1) can 
be good in certain cases. Simplification (2) is usually less 
acceptable and simplification (3) is clearly rough. 

By equating eq 9 and 5,  we obtain in this case a: 

with vi. the reduced volume of the binary i-j system. 
In order to perform such a substitution, it is necessary 

to choose properly the concentrations of the corresponding 
binary systems. For xl, 0' = 2, 3), we take 4j in eq 8 as 
c $ ~  = 42 + 43 = 4p; and /or xij (i = 2, j = 3), we take d j  = 
43/4p = ti, where d1, d2, and 43 are segment fractions in 
the ternary system. Such a choice is tantamount to as- 
suming that the solvent in the ternary system is distributed 
among the two binary polymer-solvent systems in pro- 
portion to the fraction of each polymer in the blend. 

X l P  - 
Accordingly 
- xs The same result would have been obtained if x12 = 

= 0. Equation 11 shows that the difference between xa 
and xBT is dependent on the solvent and on the polymer 
concentration. For this reason, the error that is committed 
when the interaction parameter is identified with xBA will 
depend on the technique used for its determination and 
on the solvent. Such a difference lies in between the limita 

where I' is a free volume term given by 

T 
3 J+p=l \ X23T) 

where rij = v;l- v.-l- LJ 3pi In (viji/3 - l)/(v:13 - 1) and 
eiB = s.4 /(s141 + S~C#J~), with i = 2, 3. eP is 8, = o2 + 83. 

Equation 9 gives xlR as a sum of three terms, each 
containing a different binary interaction parameter, plus 
the I' term. This additive combination of binary inter- 
action parameters comes naturally from the Gibbs mixing 
function, when written according to equation-of-state 
theory, and has nothing to do with any a priori assumption 
about the additivity of binary terms in AGM. 

Equation 9 is of general validity and contains no sim- 
plification (other than the equation-of-state theory itself). 
It can be applied to any polymer-polymer-solvent system, 
at  any total polymer concentration, c$~,  and any blend 
composition, t .  

In order to calculate xB from eq 9, the full information 
allowing $e calculation of reduced volumes for the ternary 
system, V, and for the corresponding binaries, Vij, as well 
as the components surface-to-volume ratios, si, are needed. 

Equation 9 differs from eq 5 in two important ways. 
First, the binary interaction parameters enter multiplied 

L P  

Common-values of s1/s3 are around 2 and common 
values of Vi/V3 are around 1.2. Therefore, polymer- 
polymer interaction parameters calculated via the usual 
additivity approximation can be anywhere between about 
twice an about half of the true value of the interation 
parameter (in this very simplified case a). 

Case b. Limit of 4p - 1. In this case we consider the 
limit of eq 9 for 4p - 1, without introducing any ap- 
proximation. The polymer concentration chosen in this 
case (4p - 1) corresponds to the experimental conditions 
met in IGC. In this limit, we obtain 

with K a term containing Fais 
This eq 12 is of general validity for 4p - 1 and contains 

qo app_roxim_ation. It can be easily simplified by assuming 
V2 = V3 = V23 (simplification (1) above). Of the three 
simplifications used before, this is the lest stringent one. 
In the present limit of 4p - 1, simplification (1) is enough 
to render K = 0. 

Equation 12 gives an answer to why the interaction 
parameters determined by IGC are dependent on the 
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Table I 
Equation-of-State Parameters, at 25 O C  

I 1  I I I I I I I I I I I I 

pure 
compo- 
neita p*,  J . c ~ - ~  T*, K uSp,* cm3.g-' ulp,b cm3.g-' 

ClrCH 636 4450 0.5124 0.6759 
c6H6 628 4709 0.8860 1.1444 
PS 547 7420 0.8100 0.9336 
PVME 546 7201 0.8284 0.9551 

a Reference 20. *Specific volume. 

probe: they depend on the difference in solvent quality 
of the probe with regard to the two polymers in the blend, 
x12 - ~ 1 3 ,  and on the number of contact sites per segment 
of the solvent, sl. 

If it also holds that x12 = x i 3  or s2 = s3, then: 

X23A = X23T- 81 

8 3  

Again, the additivity approximation gives values that can 
be around twice the value of the true polymer-polymer 
interaction parameter. 

The simplifications introduced into the general eq 9 and 
12 cause the free-volume terms I' and K to vanish. The 
main factor that remains then is the difference in sur- 
face-to-volume ratios. But, for a general application of eq 
9 and 12, the free-volume differences should be properly 
taken into account through calculation of the actual values 
of r and K.  

Calculations 
The system chosen for a first test of the validity of eq 

9 has been the blend polystyrene (PS) + poly(viny1 methyl 
ether) (PVME), since this is one of the systems most ex- 
tensively studied in the literature and for which there are 
values of x B  obtained through the additivity approxima- 
tion (eq 5) in a broad range of polymer concentrations and 
also values of x B  obtained through techniques that do not 
require the presence of a solvent. 

We now discuss the values of ~ 2 3  calculated through eq 
9 compared with those obtained from different techniques 
through the additivity approximation. 

(A) Vapor Pressure. The values of ~ 2 3  have been 
obtained as a function of $p with the technique of vapor 
pressure by Panayiotou and Vera for two  solvent^:^^^^^ 
PS(2) + PVME(3) + C13CH(1), 0.6 < q5p < 0.9 and E2 = 

< 0.9 and f 2  = 0.329,0.798. The molecular weights of the 
samples are Mps = 800 and MPWE = 14 OOO. The quan- 
tities needed for the application of eq 9 have been taken 
from ref 20 and are given in Table I. The values of s3 and 
s2 have been estimated using a cylinder model for the 
polymer units, with the results s3 = 0.64 X lo8 cm-I and 
s2 = 0.48 X lo8 cm-'. 

In these particular two systems, v2 = v3 = v223. For 
example, for the blend composition f 2  = 0.5969 (solvent 
C1,CH; different values of toy polymer concentration, $p), 
we have: Vza= 1.15_5, and-V2 and V3 are both equal to 
1.153. Also, VI, N VI, N V. For example, for the same 
blend composition and total polymej concentrations $p = 
0.7443,$.8202, and 0.8612, we have V12 = J.192, 1.180, and 

and 1.174, respectively. Because of this similarity in re- 
duced volumes, the influence of function r of eq 9 in these 
systems is small. As an illustration, we give the values 
calculated for r at  the same blend composition and total 
polymer concentrations (in the same order as above): r 
= -3 X 4 X 2 X These values of I? are small 

0.329,0.597,0.798; PS(2) + PVME(3) + C&(1) 0.4 < 4p 

1.174, Vi3 = 1.190, 1.181, and 1.175, and V = 1.191, 1.180, 

r l  1 I I I I l I I I 
O L  0 5  0 6  0 1  08 09 05 06 07 0 8  09 

* P  

Figure 1. Polymer-polymer interaction parameter, xa/ Vz*, vs 
polymer concentration, 4 , for the systems (a) PS(2) + PvME(3) + C6H6(1) and (b) PS($ + PVME(3) + C13CH(1), at 25 OC. 
Experimental results from vapor sorption measurements reported 
in ref 19. (0) Values of ~ 2 3 ~  from ref 19. (0) Values of ~ 2 3 ~  
obtained in this work. (A) Obtained from inverse gas chroma- 
tography results as explained in the text. 

Table I1 
Values of Polymer-Polymer Interaction Parameter, xzs l  VI*, 

at 4p - 1, from Vapor Sorption Measurements, for the 
System PS(2) + PVME(3). at 25 O C  

(XZS V**)+-1, 
XI ol mol-cm" 

Ps(2) + PVME(3) + C6H6 0.329 -4 -3 

PS(2) + PVME(3) + ClaCH 0.329 26 -1 

syst tz xA (es 5) xT (eq 9) 

0.798 36 27 

0.597 33 2 
0.798 63 23 

compared with the terms containing xlp, xI2, and x i 3  in 
eq 9, and the influence of r on the value of xZ3 is of the 
order of 10% or less. For this reason and trying to simplify 
the calculation, we have taken for both systems r = 0. 
These systems provide thus only a partial test of eq 9. 
Other systems, having larger influence of I', should be 
considered for a fuller test of eq 9. 

The values of x12 and x i 3  vs 4p have been taken also from 
ref 19. 

The results obtained in our calculation of the poly- 
mer-polymer interaction parameter are shown in Figure 
1. We have plotted the interaction parameter as x 2 3 /  V2* 
in order to have values that are not dependent on the 
solvent used in the measurements and can thus be com- 
pared more properly in the two systems. 

We can see that there is a difference in the values of 
~ 2 3 /  V2* obtained by us and those obtained through the 
additivity approximation. Such a difference becomes more 
noticeable in the case of the system PS(2) + PVME(+) + 
C13CH(1), and in both systems the difference is larger with 
higher value of $p, within the range of concentrations 
measured. 

It is of note that, for a given composition of the blend, 
the values of xZ3/ V2* obtained through the additivity ap- 
proximation are solvent-dependent; that is, in the range 
of 4p covered, there is a discrepancy in the dependence of 
x23 /  V2* with 4 between the system with benzene and the 
system with choroform. However, the values obtained 
through eq 9 do not show such a discrepancy, and the 
dependence of x 2 3 /  V2* with $p, for a given composition 
of the blend, is similar in both systems studied. 

This can be better appreciated in Table 11, where we 
compare the values of xB/ V2* extrapolated to $ - 1 from 
the xZ3/ V2*'s calculated according to eq 5 anJaccording 
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Table 111 
Polymer-Polymer Interaction Parameter, x2J Va*, from 

Inverse Gas Chromatography Measurements, for the 
System PS(2) + PVME(S), at 40 "C 

x 10' m ~ l - c m - ~  
X2sAl vz** 

6 2  = f#J2 = 51, XI08 
probe Ax 0.444 0.619 cm-' 

n-hexane 
n-heptane 
n-octane 
2,2,4,4-tetramethylpentane 
cyclopentane 
cyclohexane 
benzene 
toluene 
isopropyl ether 
p-dioxane 
propyl acetate 
acetone 
2- butanone 
carbon tetrachloride 
dichloromethane 
tetrachloroethene 
trichloroethene 
fluorobenzene 

-0.19 0.0 -8.6 1.41 
-0.20 1.5 -6.9 1.40 
-0.19 -2.1 1.42 
-0.42 -0.7 -8.8 1.41 
-0.50 9.6 -2.4 1.32 
-0.52 1.2 -11.8 1.32 
0.11 15.2 7.6 1.16 
0.05 11.7 7.4 1.25 
0.02 2.4 6.4 1.42 
0.23 14.5 0.0 1.64 

0.33 4.3 38.3 1.50 
0.34 22.6 3.5 1.46 
0.23 17.4 1.2 1.45 
0.73 52.5 24.5 1.25 
0.02 10.7 2.15 1.35 
0.45 29.3 7.3 1.39 
0.37 21.6 8.4 1.25 

0.27 5.9 -3.9 1.43 

to eq 9. 
From the results on Table I1 we can see the following: 
(a) The values of x23/V2* obtained in this work are 

notably lower (reaching even change of sign) than those 
obtained with the additivity approximation. Our results 
are much closer to the interaction parameter values re- 
ported for the dry blend by small-angle neutron scattering 
 measurement^.^^-^^ 

(b) The values of xa/ V2* for a given composition of the 
blend are independent of the solvent used, which seems 
to indicate that the method described in this work for the 
calculation of xa serves adequately to take out the effect 
of the solvent, contrary to the method of calculation based 
in eq 5. 

(c) The dependence of x23/V2* on the composition of 
the blend, ti, is entirely analogous in the two systems 
studied. (In both cases a tendency toward a greater com- 
patibility is observed as the system becomes increasingly 
rich in PVME. This is contrary to the SANS results where 
an increasingly lower ~ 2 3  is found as the proportion of PS 
increases.23 However, the SANS results refer to deuterated 
PS and to different temperatures.) 

(B) Gas Chromatography. With the purpose of 
testing eq 12 and of comparing the interaction parameters 
determined by IGC using and avoiding the additivity ap- 
proximation, we have used the data of Su and Patterson,u 
who have determined the interaction parameter x ~ ~ ' ~  by 
IGC, for blends of PS(2) + PVME(3) (molecular weights 
Mps = 600, MpmE = 10000) of segment fraction compo- 
sition 42 = 0.444 and 42 = 0.619, a t  40 "C, using 20 dif- 
ferent solvents as probes. 

In Table I11 are shown the values x23*/VZ* that are 
obtained from the experimental ones of xarA even by these 
authors. It is better to deal with x/Vz* than with x', 
because x' is defined taking the molecular size of the 
solvent as reference, x23/ = X ~ ~ V ~ * / V ~ * ,  and dividing 
through Vl* eliminates this solvent size dependence. We 
can see in Table I11 that the resulting ~ 2 3 ~ /  V,* values are 
still dependent on the solvent and cannot be taken as real 
interaction parameters reflecting just the polymer-polymer 
interactions. 

In fact, the xaA/ V2* values are correlated with x12 - xlp 
the value of ~ 2 3 ~ / V 2 *  being high with larger Ax. This 
correlation is predicted by our eq 12. In order to compare 

Z - 
I I 1 1 

I2 L 0 4 8 
IAX IV;S , I  lO " / rno l  cnY2 

Figure 2. Polymer-polymer interaction parameter, xzs/  V2*sl, 
vs A x  Vl*sl (Ax = xlz - x13), for the system PS(2) + PVME(3) 

results from inverse gas chromatography measurements reported 
in ref 24. 

with the experimental results of Table 111, we rewrite this 
eq 12 in the following form (neglecting for the moment K 

because of the applicablility of simplification (1) in this 
particulr polymer blend): 

+ pro & (l), at 40 "C. (a) I $ ~  = 0.444; (b) dz = 0.619. Experimental 

The plot of xBA/ V2*s, Venus Ax/ Vl*sl should be linear 
with slope (s3 - s2)/(4g2 + 43s3) and intercept xaT! V2*~3. 
Such a type of plot is shown in parts a and b of Figure 2 
for the blends of 4 = 0.444 and 42 = 0.619, respectively. 
The values of s1 needed have been calculated according 
to B ~ n d i ; ~ ~  they are shown on Table 111. As we can see 
in parts a and b of Figure 2, a good linear correlation is 
obtained, which confirms the adequacy of eq 12. Even 
more, the slopes of these straight lines are 0.26 (for c j 2  = 
0.444) and 0.20 (for 42 = 0.619), and the respective theo- 
retical values calculated from eq 14 (taking s3 = 0.64 X l@ 
cm-' and s2 = 0.48 X lo8 cm-' estimated as explained 
above) are 0.286 and 0.296, respectively, showing thus a 
good accord. 

The error that we have copnijted ,by negleciing K is very 
small. With the data of Vl, V,, V3, and V23, we have 
calculated K for several probes. The results show that K 

represents 5% or less of the value obtained for ~ 2 3 ~ .  
We can compare the solvent-independent interaction 

parameter deduced now from IGC measurements (through 
eq 12), with the one obtained above from vapor pressure 
measurements (through eq 91, for the same total polymer 
concentration @,, - 1. From the intercepts of Figure 2 we 
calculate the interaction parameter values from IGC as 
~ 2 3 ~ / V 2 *  = 4.9 X and 0.5 X lo-*, for 42 = 0.444 and 
0.619, respectively. These two values obtained from IGC 
are shown in Figure 1. We can see that the agreement with 
the values of vapor pressure calculated through our eq 9 
and extrapolated to 4p - 1 is excellent (for similar blend 
compositions). 

We can conclude, then, that the solvent dependence of 
~ 2 3 ~  obtained by IGC is basically due to the additivity 
approximation and that only in those experiments in which 
Ax  = 0 or in which Ax  maintains an approximately con- 
stant value (for all the solvents probed) can the values of 
xaA be approximately independent of solvent (except for 
its variation with sl). 



Macromolecules 1989,22, 4351-4361 4351 

Conclusion 
The perturbing influence of solvent (or probe) on the 

value of the polymer-polymer interaction parameter (x), 
and the differences in x values obtained by means of 
different experimental techniques, can be effectively 
minimized using the method of calculation of x here 
proposed, which is based on equation-of-state ternary 
theory. This conclusion holds for the typical polymer pair 
here studied but should be extended to other systems 
(especially those having larger free-volume differences). 

Acknowledgment. This work has been supported by 
CICYT, Spain, under Projects No. PB86-566 and PA87- 
705. 

Registry No. PS, 9003-53-6; PVME, 9003-09-2; C&, 71-43-2; 
C13CH, 67-66-3; hexane, 110-54-3; heptane, 142-82-5; octane, 
111-65-9; 2,2,4,4-tetramethylpentane, 1070-87-7; cyclopentane, 
287-92-3; cyclohexane, 110-82-7; toluene, 10888-3; isopropyl ether, 
108-20-3; p-dioxane, 123-91-1; propyl acetate, 109-60-4; acetone, 
67-64-1; 2-butanone, 78-93-3; carbon tetrachloride, 56-23-5; di- 
chloromethane, 75-09-2; tetrachloroethene, 127-18-4; trichloro- 
ethene, 79-01-6; fluorobenzene, 462-06-6. 
References and Notes 
(1) Preliminary reports of this work in: (a) Abstracts, 31st Mac- 

romolecular Symposium, Merseburg, Germany, June 30-July 
4,1987; p 231 (Microsymposia IV and V). (b) Actus, 1st Latin 
American Symposium on Polymers, Porlamar, Venezuela, July 

(2) Olabisi, 0.; Robeson, L. E.; Shaw, M. T. Polymer-Polymer 
Miscibility; Academic Press: New York, 1979. 

24-29, 1988; Vol. 2, p 1259. 

(3) Paul, D. R., Newman, S., Eds. Polymer Blends; Academic 
Press: New York, 1978. 

(4) Flory, P. J. Principles of Polymer Chemistry; Cornel1 Univ- 
ersity Press: Ithaca, NY, 1953. 

(5) Riedl, B.; Prud’homme, R. E. Polym. Eng. Sci. 1984,24,1291. 
(6) Walsh, D. J.; Rostami, S. Ado. Polym. Sci. 1985, 70, 119. 
(7) Klotz, S.; Schuster, R. H.; Cantow, H. J. Makromol. Chem. 

1986,187, 1491. 
(8) Nandi. A. K.: Mandal. B. M.: Bhattacharwa. S. Macromole- “. 

cules im, 19, 1478. ’ 
(9) Huggins, M. L. Ann. N.Y. Acad. Sci. 1942, 43, 9. 
(10) Flory, P. J. Proc. R. SOC. London, Ser. A 1942,234, 60. 
(11) Masegosa, R. M.; Prolongo, M. G.; Horta, A. Macromolecules 

1986.19. 1478. 
(12) Scott, R: L. J. Chem. Phys. 1949, 17, 249. 
(13) Horta, A. Macromolecules 1985, 18, 2499. 
(14) Horta, A. Macromolecules 1989, 22, 2009. 
(15) Desphande, D. D.; Patterson, D.; Schreiber, H. P.; Su, C. S. 

Macromolecules 1974, 7, 530. 
(16) Eichinger, B. E.; Flory, P. J. Trans. Faraday SOC. 1968, 64, 

2035. 
(17) Al-Saigh, Z. Y.; Munk, P. Macromolecules 1984, 17, 803. 
(18) K = (vz*/v19(r1t2t3 + x 1 2 ( V 2 / V 2 3  - l)[tcl + ( 5 2  - s 3 ) / ( t 2 s Z  + 

t&1)1 + X i k V 3 / v 2 3  - 1)[tL1 - (52 - S 3 ) / ( t @ 2  + t$a)ll with r of 
eq 10 taken at  6 - 1. 

(19) Panayiotou, C.; vera, J. H. Polym. J. 1984, 16, 89. 
(20) Panayiotou, C.; Vera, J. H. Polym. J. 1984, 16, 103. 
(21) Hadziioannou, G.; Stein, R. S. Macromolecules 1984,17,567. 
(22) Shibayama, M.; Yang, H.; Stein, R. S.; Han, C. C. Macromol- 

ecules 1985, 18, 2179. 
(23) Han, C. C.; Bauer, B. J.; Clark, J. C.; Muroga, Y.; Matsushita, 

Y.; Okada, M.; Tran-cong, Q.; Chang, T.; Sanchez, I. C. Poly- 
mer 1988,29, 2002. 

(24) Su, C. S.; Patterson, D. Macromolecules 1977, 10, 708. 
(25) Bondi, A. Physical Properties of Molecular Crystals, Liquids 

and Glasses; Wiley: New York, 1968. 

Melting and Crystallization Kinetics of a High Molecular Weight 

G. M. Stack 
Naval Research Lab, USRD, P.O. Box 8337, Orlando, Florida 32856 

L. Mandelkern* 
Department of Chemistry and Institute of Molecular Biophysics, Florida State  University, 
Tallahassee, Florida 32306 

C. Krohnke 
CZBA-GEIGY AG, NTL 2441, CH-4002 Basel, Switzerland 

G. Wegner 
Max-Planck-Znstitut fur  Polymerforschung, Jakob- Welder- Weg 11,D-6500 Mainz, 
West Germany. Received August 29, 1988; Revised Manuscript Received April 7, 1989 

ABSTRACT The fusion process and the crystallization kinetics from the pure melt of the n-alkane ClaHm 
have been studied. Several fundamental features of these processes have emerged. At room temperature 
the compound is completely crystalline, consistent with the formation of molecular crystals, while premelting 
is observed a t  elevated temperatures. A theoretical basis is presented for the premelting. The possibility 
of premelting in the other n-alkanes suggests the need to  reexamine the analysis of the melting tempera- 
ture-composition relations for such species. The crystallization kinetics from the pure melt obey classical 
theory. The temperature coefficient of the crystallization process indicates that it is nucleation controlled 
and follows the theory developed for chains of finite molecular weight. Analysis of this kinetic data allows 
for a connection to  be made between the crystallization of low and high molecular weight chains. 

Introduction a bridge to the crystallization behavior of polymers by 
comparing the characteristics of these n-alkanes with low 
molecular weight linear polyethylene fractions crystallized 
from either the bulk or from dilute solution.4-8 Compa- 
rable molecular weights from both classes of compounds 
are now available. The very close connection between the 

The recent synthesis of very high molecular weight n- 
has provided a set of model compounds whose 

study will allow for a further understanding of the fu- 
sion-crystallization process in general and that of polymers 
in particular. Studies with these compounds can serve as 
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